Background A loss of muscle mass occurs as a consequence of a range of chronic and acute diseases as well as in older age. This wasting results from an imbalance of protein synthesis and degradation with a reduction in synthesis and resistance to anabolic stimulation often reported features. Ribosomes are required for protein synthesis, so changes in the control of ribosome synthesis are potential contributors to muscle wasting. MicroRNAs (miRNAs) are known regulators of muscle phenotype and have been shown to modulate components of the protein synthetic pathway. One miRNA that is predicted to target a number of components of protein synthetic pathway is miR-424-5p, which is elevated in the quadriceps of patients with chronic obstructive pulmonary disease (COPD). Methods Targets of miR-424-5p were identified by Argonaute2 pull down, and the effects of the miRNA on RNA and protein expression were determined by quantitative polymerase chain reaction and western blotting in muscle cells in vitro. Protein synthesis was determined by puromycin incorporation in vitro. The miRNA was over-expressed in the tibialis anterior muscle of mice by electroporation and the effects quantified. Finally, quadriceps expression of the miRNA was determined by quantitative polymerase chain reaction in patients with COPD and intensive care unit (ICU)-acquired weakness and in patients undergoing aortic surgery as well as in individuals from the Hertfordshire Sarcopenia Study. Results Pull-down assays showed that miR-424-5p bound to messenger RNAs encoding proteins associated with muscle protein synthesis. The most highly enriched messenger RNAs encoded proteins required for the Pol I RNA pre-initiation complex required for ribosomal RNA (rRNA) transcription, (PolR1A and upstream binding transcription factor). In vitro, miR-424-5p reduced the expression of these RNAs, reduced rRNA levels, and inhibited protein synthesis. In mice, over-expression of miR-322 (rodent miR-424 orthologue) caused fibre atrophy and reduced upstream binding transcription factor expression and rRNA levels. In humans, elevated miR-424-5p associated with markers of disease severity in COPD (FEV 1 %), in patients undergoing aortic surgery (LVEF%), and in patients with ICU-acquired weakness (days in ICU). In patients undergoing aortic surgery, preoperative miR-424-5p expression in skeletal muscle was associated with muscle loss over the following 7 days. Conclusions These data suggest that miR-424-5p regulates rRNA synthesis by inhibiting Pol I pre-initiation complex formation. Increased miR-424-5p expression in patients with conditions associated with muscle wasting is likely to contribute to the inhibition of protein synthesis and loss of muscle mass.
Introduction
Altered protein synthesis occurs in a broad range of physiological and pathological situations including development and growth, cancer, and cell hypertrophy and atrophy. 1 Changing protein synthesis can be achieved not only by regulating the activity of the protein synthetic machinery as is well described in studies of the insulin-like growth factor (IGF) signalling pathway 2, 3 but also by altering the number of ribosomes thereby altering the capacity of the system. Indeed the IGF-1/Akt/ mammalian Target Of Rapamycin (mTOR) pathway contributes to the regulation of ribosome synthesis. 1 To increase or reduce the ribosomal number requires a change in the balance of the synthesis and degradation of ribosomal proteins and ribosomal RNA (rRNA). rRNAs are synthesized in the nucleolus, a region of the nucleus, and increased rRNA synthesis is indicated by an increase in nucleolar size. 1 Unlike messenger RNAs (mRNA), rRNAs are synthesized by RNA polymerase I following the formation of a pre-initiation complex (PIC) that also requires the transcription factors upstream binding transcription factor (UBTF) and RRN3 for full activity. rRNA makes up~80% of total cellular RNA, 4 and mammalian ribosomes contain 80 proteins with ribosome biogenesis requiring in excess of 150 trans-acting accessory factors and multiple small nucleolar RNAs. 1, 5 Synthesizing ribosomes is therefore energetically expensive, and as a result, the rate of ribosome synthesis is tightly regulated to optimize ribosomal content for the current conditions. 6, 7 Ribosome biogenesis is therefore increased in times of growth or suppressed when there is no requirement for growth or when nutrient supplies are limited or need to be diverted. 1 In the muscle, protein turnover is important not only for maintaining the tissue itself but also to provide amino acids as a source of both carbon and energy for other tissues. 8 For example, a number of studies have shown that muscle-derived amino acids are used by the immune system at times of increased demand, [9] [10] [11] and it is interesting to note that excessive training by athletes can lead to chronic immunosuppression and an increased susceptibility to respiratory infections. 12 Similarly, the increase in muscle loss in chronic disease may reflect an increase in the requirement for repair to the damaged tissue and be promoted in part by the release of inflammatory cytokines. 13 Consequently, changes in protein turnover in muscle occur in chronic and acute disease and in normal aging, such that muscle wasting is common in patients with a range of chronic diseases and in the intensive care unit (ICU) and in older individuals, reviewed in Wolfe. 8 Furthermore, a number of studies of these conditions have shown that individuals become resistant to anabolic stimuli. [14] [15] [16] [17] The mechanisms that underlie this anabolic resistance remain to be fully elucidated but are likely to contribute significantly to the loss of muscle mass in patients with chronic diseases and older people. 14, 18 In turn, the sequelae of reduced muscle mass are impaired physical performance, associated poor quality of life, and, potentially, reduced survival. [19] [20] [21] MicroRNAs (miRNAs) are regulators of protein expression that modulate cell phenotype by either blocking translation or promoting degradation of a set or sets of mRNAs. 22 These small RNAs are critical regulators of cell phenotype both under normal physiological and pathological conditions. Several miRNAs regulate the protein synthetic pathways and control either ribosome function or the production of ribosomal proteins, thereby having the potential to regulate protein synthesis. For example, miR-126 targets the IGF-1 signalling pathway in aging muscle, and inhibition of miR-126 increases phosphorylation of ribosomal protein S6 in response to IGF-1. 23 Similarly, miR-542-3p promotes ribosomal stress by targeting small ribosomal proteins in the cytoplasm. 24 It therefore seems likely that miR-542-3p will inhibit protein synthesis although this remains to be established. Another miRNA that targets ribosomal proteins is miR-10a, but unlike most known functions of miRNAs, miR-10a increases synthesis of these target proteins by binding to the 5 0 UTR and increasing translational initiation. 25 In a screen of miRNAs that were altered in the quadriceps of patients with chronic obstructive pulmonary disease (COPD) compared with controls, we found that miRNAs from the miR-542/424 cluster located on the X chromosome were elevated. 26 MiR-542-3p targets both the cytoplasmic and mitochondrial ribosomal proteins indicating that it modulates protein synthesis 24, 26 ; as miR-424-5p is expressed from the same locus, we expected that it would target similar or complementary factors. Consistent with this suggestion, in silico analysis predicted that miR-424-5p would target a range of proteins involved in rRNA transcription (including PolR1A, the largest subunit and catalytic core of RNA polymerase I, and UBTF) and protein synthesis (including IGF-1, IGF-1R, RPS6K, and translation initiation factors). We therefore hypothesized that miR-424-5p would suppress protein synthesis and promote muscle wasting. To identify appropriate mRNA targets that would regulate these processes in muscle, we used Argonaute2 (Ago2) pull-down assays. We then determined the effect of miR-424-5p on rRNA and protein synthesis in vitro and on muscle fibre size in vivo. Finally, we determined the association of miR-424-5p with muscle mass and function in a separate large cohort of COPD patients, in patients with established ICU-acquired weakness (ICUAW), those about to go on to the ICU following aortic surgery, and in older people with and without sarcopenia.
Materials and methods

Cell culture and transfection
Human skeletal myoblasts from the line LHCN-M2 were maintained as described by Zhu et al., 27 and C2C12 myoblasts miR-424-5p reduces rRNA and protein synthesis were cultured as previously described. 28 For transfection, cells were seeded at a density of 5 × 10 4 /mL seeding 6250 cells in a 96-well plate and scaling for the appropriate growth area. After 24 h, the cells were transfected with miR-424-5p (or the rodent orthologue miR-322-5p, hereafter referred to as miR-424-5p) or control miRVana ™ (ThermoFisher Scientific, Paisley, UK) mimics using lipofectamine 2000 according to the manufacturer's instructions.
Argonaute2 pull down
C2C12 cells cultured in 10 cm culture dishes were transfected with either miR-424-5p mimic or control mimic and cultured for a further 2 days. 
Western blotting
Western blotting was performed as previously described. 29 The primary antibodies used were anti-UBTF (Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:500 dilution in PBS supplemented with 5% milk, PBS+5%) and anti-puromycin (Millipore, 1:1000 dilution in PBS+5% milk), and the detection antibody was horse radish peroxidase (HRP)-conjugated sheep anti-mouse (GE Healthcare, Amersham, UK, 1:10 000 dilution in PBS+5% milk). The blots were normalized to total protein on the blot by staining with Ponceau S. Blots were digitally scanned, and the image files were analysed using Fiji software. Normalization data are shown in the Supporting Information.
Assessment of RNA expression
RNA was extracted from muscle samples using the TRIzol method as previously described. 29, 30 RNA from cells cultured in 96-well plates was extracted using CellAmp Direct RNA Prep Kit (Takara Bio Europe SAS, Saint-Germain-en-Laye, France) according to the manufacturer's instructions. miRNAs were quantified using probes purchased from Applied Biosystems Life Technologies (Paisley UK) as previously described. 31 miRNA expression was normalized to U6 and RNU48 expression as previously described. 26 mRNAs and rRNAs were quantified using SYBR green as previously described 32 and normalized to the geometric mean of β2 microglobulin and GAPDH (mouse and culture samples) or β2 microglobulin and hypoxanthine-guanine phosphoribosyltransferase (HPRT) for the same sample using primers in the Supporting Information, 
Protein synthesis assay
LHCN-M2 cells were seeded and transfected as previously described and 48 h later were serum and leucine starved for 2 h. Cells were placed in leucine-containing Dulbecco's Modification of Eagle's Medium (DMEM) supplemented with 130 nM of IGF-1 (Cambridge Bioscience, Cambridge, UK) for 45 min, before the addition of 100 ng/mL puromycin (Sigma-Aldrich) for 30 min before harvesting. 300ng of protein was added to each well of a 96-well plate in 200 μL of 50 mM sodium bicarbonate and incubated at 37°C for 2 h. After washing (1× PBS), 200 μL of blocking buffer PBS+(5% BSA) was added and the samples incubated for 30 min at room temperature (RT). The solution was replaced with 100 μL of 100 ng/mL anti-puromycin (Millipore) diluted in PBS+5% BSA and incubated for 1 h at room temperature. After 2× PBS washes, 100 μL of sheep anti-mouse (GE Healthcare) was added at a 1/10 000 dilution in PBS+5% BSA as per manufacturer's instructions. The samples were washed 4× in PBS before 100 μL of TMB substrate (SigmaAldrich) was added and the samples incubated for 15 min. The reaction was stopped with 100 μL of stopping solution (Sigma-Aldrich) and absorbance determined at 450 nm. From each sample, 5 μg of protein was subsequently analysed by western blotting (Supporting Information).
In vivo experiments
Cloning of expression vector for miR-424 A 500 bp fragment of the miR-322 locus was amplified from mouse genomic DNA by polymerase chain reaction (PCR) using the primers ATAAGATCTGGCTCCACCTGCAGCTCCTGGA AATC and ATAAGATCTGCGCCCCAGCCTAGCCAGGAATAC. The PCR product was cloned into pGEM-T-easy, sequenced then digested out of the vector with BglII, and shuttled into the BamHI site of pCAGGS-EGFP 32 and the orientation confirmed. This vector, designated pCAGGS-EGFP-424, would allow the over-expression of miR-424 and EGFP from the same primary transcript, so allow the identification of successfully transfected fibres expressing the miRNA. It also allowed the use of pCAGGS-EGFP as an empty vector control to identify transfected fibres in the control limbs.
Electroporation
Mouse experiments were approved by the Imperial College Ethical Review Process and were licensed by the UK Secretary of State for the Home Office under Project License PPL 70/8297. Five male C57/Bl6 mice (7.5 weeks old) were anaesthetized with 1:1 Hypnorm (VetaPharma, Leeds, UK) and Hypnovel (Roche Products Ltd, Welwyn Garden City, UK); both lower legs were shaved, and 10 U (25 μL) of bovine hyaluronidase (Sigma-Aldrich) was injected into each tibialis anterior (TA).
33, 34 Mice were allowed to partially recover at 37°C and after 2 h were re-anaesthetized using 5% isofluorane then maintained at 2% isofluorane. The TA muscles were injected with 25 μL of the appropriate plasmid (pCAGGS-EGFP-424 into one TA and pCAGGS-EGFP into the contralateral TA) at 1 μg/μL before electroconductive cream was applied to electrodes that were placed on either side of the TA, separated by approximately 5 mm. Electroporation was performed using 10 pulses of 85 V each for 20 ms, at a frequency of 1 Hz.
Following electroporation, the mice were allowed to recover then were monitored daily for 3 days prior to sacrifice. The TA muscles were removed and weighed before being embedded and sectioned as previously described. 33 By expressing EGFP-miR-424 in one limb and EGFP alone in the contralateral limb, we were able to compare muscles within individual animals.
Patient cohorts
The samples used in this study have been described and analysed for other miRNAs in previous studies.
Chronic obstructive pulmonary disease cohort The cohort of patients with COPD comes from a larger study that has been described previously. 35 Briefly, patients were recruited from clinics at the Royal Brompton Hospital. Exclusion criteria included renal, liver, or heart failure or a moderate/severe exacerbation in the preceding 4 weeks. Healthy age-matched controls were recruited by advertisement. Written informed consent was obtained from all patients, and the protocol was approved by the appropriate research ethics committee (studies 06/Q0404/35 and 06/Q0410/54). PCR for miR-424-5p was performed on samples from 57 patients and 17 controls, and the data described in this paper are taken from all patients for whom there was appropriate amplification and suitable replicates (n = 49 patients and 16 controls). Demographic data for the cohort are given in the Supporting Information, Table  S2 . Fat-free mass index (FFMI) was determined by bioelectrical impedance (Bodystat 1500, Bodystat, UK) in patients who had been resting supine for 10 min. Quadriceps strength was measured as supine maximal voluntary contraction as described previously and physical performance as 6 min walk distance according to the American Thoracic Society 2002 guidelines. 36 A biopsy of vastus lateralis in the leg tested for strength was performed under local anaesthetic by the Bergstrom technique on a separate visit to exercise testing and after 20 min rest, but patients had not fasted prior to biopsy. 37 Hertfordshire Sarcopenia Study cohort The study protocol was approved by the Hertfordshire Research Ethics Committee (study 07/Q0204/68), and all participants gave written informed consent. Muscle mass and strength together with gait speed and a timed-up-and-go (TUG) test were ascertained; Hertfordshire Sarcopenia Study methods have been previously described. 38 Muscle biopsy was performed by percutaneous conchotome biopsy of the vastus lateralis under local anaesthesia after an overnight fast and prior to physiological testing. 39 Demographic data for these patients are shown in the Supporting Information, Table S3 .
Intensive care unit-acquired weakness cohort This cohort has been described previously. 40 Written informed consent was obtained from study subjects or their next of kin, and the study was approved by the National Research Ethics Committee 10/H0722/9. The muscle biopsies were taken from the rectus femoris by the Bergstrom technique 37 or as open biopsies. Demographic data are shown in the Supporting Information, Table S4 .
Aortic surgery cohort Patients undergoing elective aortic surgery at the Royal Brompton Hospital were recruited to the study and provided written informed consent. The study was approved by the National Research Ethics Committee (07/Q0204/68). The principal inclusion criterion was an elective aortic operation requiring admission to the ICU as identified by the surgical team. Exclusion criteria included pre-existing muscular or neuromuscular disease and malignancy or contraindication to muscle biopsy. Rectus femoris cross-sectional area (RF CSA ) was determined by ultrasound 41 before and 7 days after surgery and used as a measure of muscle loss. An open biopsy of the rectus femoris (to enable direct comparison with the ultrasound data) was taken under general anaesthetic by the surgical team prior to surgery with a second biopsy taken 24 h after surgery using the Bergstrom technique under local anaesthesia. The patients will have been fasted for surgery and rested at the times of both biopsies. Physiological assessment was carried out at a separate visit prior to surgery and biopsy. Demographic data and data associated with the procedure are given in the Supporting Information, Table S5. miR-424-5p reduces rRNA and protein synthesis
Statistical analyses
All RNA data were log transformed to standardize the variance. Statistical analysis was performed in Aabel (Gigawiz). Correlation analysis was performed using Pearson correlation after visual inspection for linear relationships. Student's t-test (normally distributed data) and MannWhitney U test (non-parametric data) were used to calculate between group differences for two groups. Differences between multiple groups in the same analysis were calculated by Kruskall-Wallis analysis with post hoc analysis by Mann-Whitney U test (non-parametric data).
Results
miR-424-5p targets proteins associated with rRNA and protein synthesis
Bio-informatic analysis was carried out using miRwalk 2.0 42 selecting all databases and searching for interactions with all mRNA 3 0 -UTRs. RNAs were selected as potential targets if they were predicted to interact with the miRNA by at least five databases. This approach showed that, in addition to the previously confirmed targets, [43] [44] [45] miR-424-5p was predicted to target a number of proteins involved in protein synthesis or in the inhibition of catabolic processes (Supporting Information, Table S6 ). To determine whether there was a direct interaction between the miRNA and some of the predicted mRNAs (i.e. targeting), Ago2 pull-down assays were performed using RNA from mouse C2C12 cells transfected with miR-322-5p (the rodent orthologue of miR-424-5p, hereafter referred to as miR-424-5p for simplicity). Quantitative PCR for predicted targets showed enrichment (linear fold increase vs. control) for the known targets (SMAD7 46 and CDC25A 44 ) of approximately two-fold compared with transfection with control miR mimic. In addition to enrichment of these targets, there was an approximate 3000-fold enrichment of UBTF and a 700-fold enrichment of PolR1A, suggesting that the miRNA binds to these mRNAs and therefore may target the expression of proteins associated with rRNA synthesis ( Figure 1A) .
The marked enrichment for PolR1A and UBTF suggested that the miRNA would interfere with the formation of the RNA Pol I PIC that is required for the initiation of rRNA transcription. We therefore determined whether miRNA-424-5p would reduce the expression of these RNAs in human LHCN-M2 myoblasts. Transfection of LHCN-M2 myoblasts with miR-424-5p reduced the expression of PolR1A and UBTF, as well as RRN3 (which was predicted to be an miR-424-5p target by two databases) another component of the RNA Pol I PIC, and in each case, this was partially or completely reversed by co-transfection with an antagomir (Figure 1B-D) . As the largest reduction was in UBTF, we determined the effect of the miRNA on UBTF protein levels and found a marked reduction in protein in miR-424-5p transfected cells compared with those transfected with a control miRNA ( Figure 1E and Supporting Information, Figure S1 ).
miR-424-5p reduces rRNA and protein synthesis in muscle cells
A reduction in levels of the rRNA PIC would imply a reduction in rRNA production in the cell. We therefore quantified both mature 28S and 18S rRNAs as well as the primary 47S rRNA transcript from which these rRNAs are processed. Both 18S and 47S rRNAs were reduced relative to standard housekeeping genes (GAPDH and β2 microglobulin; see Supporting Information for normalization data), and again, the reduction was reversed by co-transfection with the antagomiR. Median 28S rRNA expression was lower in miR-424-5p transfected cells than in cells transfected with the control or in the antagomiR co-transfected cells, but this difference did not meet statistical significance (Figure 2A-C) .
A reduction in rRNA ought to be associated with a reduction in maximal protein synthesis and reflect a reduction in the capacity of the protein synthetic machinery. We therefore quantified protein synthesis in the presence of leucine, IGF-1, and serum using puromycin incorporation. Consistent with a reduction in protein synthetic capacity, miR-424-5p suppressed puromycin incorporation into nascent polypeptides ( Figure 2D and Supporting Information, Figure S2 ).
miR-424 causes muscle wasting in mice
To determine whether over-expression of miR-424 would promote muscle wasting in vivo, we generated a miR-424 expression vector by cloning a 500 bp fragment of the mouse orthologue of the miR-424 locus (miR-322) into the 3 0 -UTR of the EGFP gene in pCAGGS-EGFP to generate pCAGGS-EGFP-424. Electroporation of either vector resulted in EGFP expression in >50% of the fibres and was associated with 1.5% of the fibres showing centralized nuclei, consistent with a low level of fibre damage (Supporting Information, Figure S3 ) with no detectable difference in either parameter between the two vectors. miR-424 expression in the TA electroporated with pCAGGS-EGFP-424 was higher than in the contralateral TA electroporated with pCAGGS-EGFP ( Figure 3A) , indicating appropriate processing of the miRNA. Electroporation of pCAGGS-EGFP-424 into the TA of mice caused a marked reduction in muscle weight (21%) 3 days later compared with the contralateral TA electroporated with pCAGGS-EGFP. Furthermore, quantification of fibre feret diameter and fibre area showed that there was a reduction in the area of fibres in the TA that were successfully transfected with pCAGGS-EGFP-424 (as determined by EGFP Figure S3) .
Expression of 18S and 28S rRNAs was reduced in the muscle electroporated with pCAGGS-EGFP-424 compared with the contralateral leg, as was the expression of UBTF ( Figure  3D -E). However, there was no significant reduction in the expression of PolR1A, and the expression of RRN3 was not detectable in enough samples to generate a meaningful result.
miR-424-5p is increased in patients with COPD and associated with muscle function
To confirm the elevation of miR-424-5p in the muscle of COPD patients, the expression of this miRNA was determined in quadriceps from a larger cohort of patients of both sexes and all Global Initiative for Chronic Obstructive Lung Disease stages (n = 49) and in age-matched controls (n = 16). The demographics of this cohort are given in the Supporting Information, Table S2 . Consistent with a diagnosis of COPD, patients had reduced lung function (FEV 1 % predicted and TL CO % predicted) and greater smoking history compared with controls (Supporting Information, Table S2 ). Patients had reduced physical performance (6MWD%) and strength compared with controls (Supporting Information, Table S2 ), but neither BMI nor FFMI was different from controls. This analysis showed that miR-424-5p was approximately fourfold (linear) higher in patients than in age-matched controls (P < 0.001, Figure 4A ). miR-424-5p expression was tightly associated with miR-542-3p and miR-542-5p, suggesting that expression is driven by the same promoter or by one under similar control (Supporting Information, Figure S4 ). Similar Figure 2 miR-424-5p reduces the ribosomal RNA (rRNA) levels and protein synthesis in myoblasts. LHCN-M2 cells were transfected with control mimic (Cont), miR-424-5p mimic (424), or miR-424-5p mimic and antagomiR (424 + A). Two days later, RNA was extracted and the expression of 28S rRNA (A), 18S rRNA (B), and 47S rRNA (C) was quantified or the rate of new protein synthesis was determined by puromycin incorporation (D). The expression of RNAs was normalized to the geometric mean of β2 microglobulin and hypoxanthine-guanine phosphoribosyltransferase for the same sample and is presented as linear relative change. miR-424-5p reduced the expression of the 18S and 47S rRNAs and suppressed puromycin incorporation into new polypeptides. Expression data are from three independent experiments of six individual transfections assayed in duplicate. Box and whisker plots show median and interquartile range with the whiskers to the 90th centiles and outliers shown.
Figure 3
Over-expression of miR-424 reduces muscle size and the expression of upstream binding transcription factor (UBTF) and ribosomal RNAs (rRNAs). The tibialis anteriors (TAs) of mice (n = 5) were electroporated with pCAGGS-EGFP (pCAGGS) or pCAGGS-EGFP-424 (p-424). Three days later, the mice were sacrificed and the muscle dissected out and weighed. The expression of miR-424-5p (A) was higher in the pCAGGS-EGFP-424 transfected leg than in the control leg. (B) TA weight normalized to body weight was lower in the miR-424 expressing leg compared with the contralateral control. (C) Fibre diameter was determined for the transfected fibres and non-transfected fibres in both legs of four of the mice because of ice crystal formation in one sample. EGFP-positive fibres from the miR-424 expressing leg were smaller than EGFP-negative fibres in the same leg and both EGFP positive and EGFP negative fibres in the control transfected leg. Electroporation of pCAGGS-EGFP-424 reduced the expression of 28S, 18S (D) and of UBTF (E) compared with electroporation of pCAGGS-EGFP. 47S rRNA did not differ between the samples (E). mRNA and rRNA data were normalized to the expression of β2 microglobulin and GAPDH for the same sample then logged. miRNA data were normalized to the expression of U6 and RNU48 in the same sample then logged. Box and whisker plots show median and interquartile range with the whiskers to the 90th centiles and outliers shown. miR-424-5p reduces rRNA and protein synthesis to these miRNAs, quadriceps miR-424-5p expression was associated with disease severity (Figure 4B and 4C) measured as FEV 1 % predicted (r = À0.61, P < 0.001 in the whole cohort and r = À0.41, P = 0.003 in the patients alone) and as TL CO % predicted (r = À0.61, P < 0.001 in the whole cohort and r = À0.48, P < 0.001 in the patients alone). Quadriceps Figure 4 miR-424-5p is elevated in patients with chronic obstructive pulmonary disease (COPD) and associated with disease severity and with muscle mass and function. miR-424-5p was quantified in quadriceps biopsies from patients with COPD (n = 49) and controls (n = 16). Quadriceps miR-424-5p was elevated in the COPD patients (A) (t-test) and was inversely correlated with disease severity measured either as FEV 1 % (B) or as TL CO % (C). Quadriceps miR-424-5p was also inversely proportional to muscle function measured both as 6 min walk distance % predicted (6MWD%, D) and as maximal voluntary contraction % predicted (MVC%, E) as well as with fat-free mass index (FFMI, F). miRNA data were normalized to the expression of U6 and RNU48 for the same sample then logged. Pearson correlations were performed, and the values shown are for the whole cohort. The box and whisker plot shows median and interquartile range with the whiskers to the 90th centiles and outliers shown.
expression of miR-424-5p was also inversely proportional to physical performance ( Figure 4D and 4E) measured as 6 min walk distance (r = À0.63, P < 0.001 in the whole cohort and r = À0.46, P < 0.001 in the patients alone) and to strength measured as maximal voluntary contraction (r = À0.45, P < 0.001 in the whole cohort and r = À0.33, P = 0.021 in the patients alone). miR-424-5p was more strongly associated with FFMI than miR-542-3p/5p, as the association was present not only in the whole cohort ( Figure 4F , r = À 0.38, P = 0.002) but also in patients considered as a separate group (r = À0.41, P = 0.004).
miR-424-5p is increased in sarcopenia
To determine whether similar associations occurred in older individuals from the general population, we determined the expression of miR-424 in samples from the Hertfordshire Sarcopenia Study (n = 64). Five of these individuals were defined as sarcopenic as determined by the European Working Group on Sarcopenia in Older People criteria. Consistent with these criteria, FFMI and physical performance [timed up and go (6 m TUG) and 3 m gait speed] in sarcopenic individuals were lower than in the non-sarcopenic cohort (Supporting Information, Table S3 ). In these individuals, associations between miR-424-5p expression in the quadriceps and reduced physical performance measured as both 6 m TUG and 3 m gait speed did not reach statistical significance (r = 0.23, P = 0.066 and r = 0.23, P = 0.069, respectively, Figure 5 ), nor was there any association of the miRNA with FFMI, but miR-424-5p expression was higher in those defined as sarcopenic by the European Working Group on Sarcopenia in Older People criteria (P = 0.01) than in non-sarcopenic individuals ( Figure 5 ). However, this observation is limited by the fact that only five individuals were classified as sarcopenic within the whole cohort.
miR-424-5p is associated with muscle loss in patients in the ICU
Expression of miR-424-5p was markedly increased (approximately 50-fold, P < 0.001, Figure 6A ) in the quadriceps of patients with established ICUAW (n = 17) compared with controls (n = 7). Muscle layer thickness (in those with a measurement n = 12 patients and 5 controls) was reduced in patients compared with controls (Supporting Information, Table S4 ). Muscle expression of miR-424-5p was associated with days spent in the ICU (r = 0.52, P = 0.032) and although the association between Sepsis-related Organ Failure Assessment (SOFA) score on the day of biopsy and miR-424-5p did not reach statistical significance, in patients with a SOFA score >10, miR-424-5p was higher compared with those with a SOFA score <10 (Figure 6B and 6C) . As the ICUAW Figure 5 miR-424-5p is elevated in sarcopenia. miR-424-5p was quantified in the quadriceps muscle of individuals from the Hertfordshire Sarcopenia Study (n = 65). Any association of the microRNA with 6 m timed up and go (6 m TUG, A) and 3 m walk time (B) did not reach statistical significance, but miR-424-5p was elevated in sarcopenic individuals (n = 5) compared with non-sarcopenic individuals (n = 60, C). miRNA data were normalized to the expression of U6 and RNU48 for the same sample then logged. The box and whisker plot shows median and interquartile range with the whiskers to the 90th centiles and outliers shown.
miR-424-5p reduces rRNA and protein synthesis group showed the largest increase, we determined the expression of UBTF (Figure 6D ), PolR1A, and RRN3 in the same muscle samples. There was a significant reduction in the expression of UBTF in these patients compared with controls, but although median PolR1A and RRN3 expression were lower in the patients than in the controls, this Figure 6 Quadriceps miR-424-5p is elevated, and upstream binding transcription factor (UBTF) and 18S ribosomal RNA (rRNA) are reduced in patients with intensive care unit (ICU)-acquired weakness (ICUAW). miR-424-5p was quantified in muscle biopsies from patients with ICUAW (n = 17) and controls (n = 7). miR-424-5p was elevated in patients with ICUAW (A) and associated with length of time on the ICU (B) and higher in those with a Sepsisrelated Organ Failure Assessment (SOFA) score <10 compared with those with a SOFA score >10 (C). UBTF was suppressed in patients with ICUAW compared with controls (D) as was the expression of the 18S rRNA (E). 18S rRNA correlated with UBTF in the cohort as a whole (F). mRNA and rRNA data were normalized to the expression of β2 microglobulin and hypoxanthine-guanine phosphoribosyltransferase for the same sample then logged. miRNA data were normalized to the expression of U6 and RUN48 for the same sample then logged. All comparisons were made by Mann-Whitney U test and Pearson correlation. The box and whisker plots show median and interquartile range with the whiskers to the 90th centiles and outliers shown. difference did not reach statistical significance. In these patients, 18S rRNA but not 28S rRNA ( Figure 6E ) was reduced compared with controls leading to a reduction in the 18S:28S rRNA ratio. Furthermore, the expression of UBTF, PolR1A, and RRN3 was positively associated with the expression of the 18S rRNA but not with the 28S rRNA (r = 0.65, P < 0.001 ( Figure 6F) ; r = 0.47, P = 0.022; and r = 0.51, P = 0.011 with 18S, respectively).
Although our mouse data show that miR-424-5p can promote muscle loss in response to over-expression following electroporation, the human studies only show that miR-424-5p is elevated in patients with a condition where muscle mass is reduced but do not demonstrate whether this miRNA is associated with the loss of muscle. Consequently, to determine whether higher expression of miR-424-5p may promote muscle loss in humans, we determined the expression of miR-424-5p in the quadriceps of patients about to undergo aortic surgery. We have previously shown that half of these patients will lose 10% of their RF CSA over the subsequent 7 days. Patients who lost >10% RF CSA had similar rectus femoris muscle size and strength before surgery, but 7 days after surgery, their RF CSA was significantly smaller than in those who did not lose >10% RF CSA . These patients also showed a greater reduction in their relative strength 7 days after surgery than those who maintained RF CSA (Supporting Information, Table S5 ). In the patients who lost >10% RF CSA , miR-424-5p expression was higher before surgery than in those who did not (P = 0.002, Figure 7A ). Indeed, there was a direct correlation of miR-424-5p expression with the amount of muscle that would be lost in the following 7 days (r = 0.50, P = 0.001, Figure  7B ). In biopsies taken 24 h after surgery, miR-424 increased compared with prior to surgery (P = 0.007) in the cohort as a whole, but this increase was only significant in those who lost <10% RF CSA (P = 0.012, Figure 7A ) when the groups were considered independently. However, the expression of miR-424-5p remained higher in the wasters than in the non-wasters (P = 0.011) at this later time point, and the expression was still associated with muscle loss over the 7 days (r = 0.57, P < 0.001, Figure 7C ).
Discussion
The study described here provides both mechanistic and association studies consistent with a role for this miRNA in the loss of muscle mass. Our in vitro and animal data show that miR-424-5p targets a fundamental process in cell biology, the synthesis of rRNA, by reducing the expression of UBTF, PolR1A, and RRN3 in muscle cells. Furthermore, we show that transfection of this miRNA is sufficient to cause a reduction in maximal protein synthesis. In vivo, overexpression of miR-424 can cause a marked reduction in fibre diameter. Together, these data show that the miRNA is capable of generating an environment in the cell that can lead to a reduction in muscle size and that reducing the capacity of the protein synthetic machinery is likely to be a component of this process. Our data from human studies show that the miRNA is elevated in conditions where muscle wasting occurs (COPD, sarcopenia, and ICUAW) and that the expression of this miRNA is associated with muscle wasting in patients admitted to the ICU following aortic surgery.
Our findings are consistent with previous reports of increased and reduced ribosome synthesis during muscle hypertrophy and atrophy, respectively. In studies of mechanical overloading in mice, an increase in rRNA content and the mechanisms driving rRNA synthesis have been observed. [47] [48] [49] [50] For example, increased Pol I expression and association with ribosomal DNA has been reported in response to functional overload in mice at the onset of hypertrophy. 49 Consistent with increased Pol I activity, the expression of rRNAs was increased, indicating an increase in ribosome production. The increase in Pol I activity in response to resistance exercise or mechanical loading is regulated at least in part by mTOR promoting the association of Pol I in the promoter regions of ribosomal DNA 51 and by phosphorylating UBTF. 52 In humans, increased ribosome synthesis has been noted following resistance exercise. For example, an 8 week resistance training protocol increased both precursor and mature rRNA in normal healthy individuals, and the increase in muscle CSA was directly proportional to the amount of total RNA measured as ng/mg tissue. 53 Furthermore, the increase in rRNA was accompanied by increased UBTF phosphorylation indicative of mTOR activity and increased UBTF activity. However, conversely, in atrophy following denervation, one study has shown a reduction in ribosome synthesis despite increased mTOR signalling. This latter paper showed a reduction in the expression of TAF1a one of the transcription factors required for rRNA production but not of UBTF suggesting that this reduction in ribosome synthesis was not a consequence of elevated miR-424-5p. 54 A marked reduction in UBTF expression and ribosome biogenesis is also seen in cultured rat muscle cells as they withdraw from the cell cycle and differentiate. 55 Alterations in ribosome content would lead to a reduction in synthetic capacity (anabolic resistance), a factor identified as a significant contributor to the loss of muscle mass in both chronic disease and with normal aging. 14, 18, 23 Consistent with this notion, we found that miR-424-5p suppressed IGF-1 and leucine stimulated protein synthesis. This reduction could occur as a result of a loss of the capacity of the protein synthetic system, a loss of sensitivity of the protein synthetic machinery to anabolic stimuli, or both. The association of miR-424-5p with muscle loss following aortic surgery and with FFMI in patients with COPD together with its ability to reduce rRNA synthesis suggest that a reduction in the capacity of the system as a result of reduced UBTF miR-424-5p reduces rRNA and protein synthesis and thereby rRNA synthesis contributes the loss of muscle mass in these patients.
Such flexibility in ribosome biogenesis is perhaps unsurprising and is found in numerous other systems. Ribosomes are energetically expensive to synthesize as they require the co-ordinated synthesis of 4 rRNAs and approximately 80 proteins as well as multiple other factors that control ribosome assembly. As a result, ribosome biogenesis is tightly controlled and co-ordinated with cell proliferation.
7 Nucleolar stress and/or reduced rRNA synthesis is seen in yeast in response to starvation 56 and serum starvation in mammalian cells, as well as in response to many other stresses including ultraviolet damage. 57, 58 Conversely in proliferating cells, there is a marked increase in rRNA synthesis as evidenced by an increase in the size of the nucleoli. miR-424 has been shown to target cell cycle components to suppress cell proliferation, these effects will be complemented by the suppression of rRNA synthesis. Interestingly, hypercapnia has been shown to suppress rRNA synthesis in muscle cells. 59 As described, anabolic resistance can also result from a reduction in the sensitivity of the muscle to anabolic signalling, and previous studies have identified such a reduction in the sensitivity of insulin and IGF-1 signalling, inhibition of Akt/mToR by inflammatory signals, 60, 61 and lipotoxicity. 62 Interestingly, miR-424 may also contribute to this component of anabolic resistance, as previous studies have shown that it targets the IGF1 receptor, and one of the most enriched targets identified by our study was IGF-1 itself.
The observation that quadriceps miR-424 expression is proportional to classical markers of primary disease severity (TL CO in COPD, LVEF in patients undergoing aortic surgery, and days spent in the ICU in patients with critical illness) suggests a physiological role in the disease process. One Figure 7 miR-424-5p is associated with muscle loss in patients undergoing aortic surgery. miR-424-5p was quantified in the rectus femoris of patients (n = 40) undergoing aortic surgery on the day of surgery (Day 0) and 24 h after surgery (Day 1). In patients who lost >10% of the cross-sectional area of their rectus femoris (RF CSA ), miR-424-5p was higher than in those who lost <10% (A) on both days and was correlated with the amount of muscle that the patients would lose over the subsequent 7 days (B, Day 0, and C, Day 1). miRNA data were normalized to the expression of U6 and RNU48 for the same sample then logged. The box and whisker plots show median and interquartile range with the whiskers to the 90th centiles and outliers shown. possibility is that expression of the miRNA contributes to repair. The muscle is used as a source of amino acids for tissue repair and for inflammatory responses where rapidly dividing cells require amino acids and energy. 8 As a consequence, glutamine is released from the muscle in patients with trauma and those in the ICU 63, 64 but is also likely to be an important role for muscle under more normal physiological situations where the loss of muscle is much less noticeable. For example, during mammalian evolution, the provision of glutamine to the immune system would need to have occurred in response to infection regardless of the nutritional state of the animal. As muscle makes up approximately 40% of body mass, the amino acid reserve would be sufficient under most conditions and could be readily replenished by feeding at the next opportunity. Such a use of muscle would require flexibility in the rate of synthesis of rRNA and ribosomes in response to inflammatory signals or to other markers of systemic stress. One component of this mobilization would need to be suppression of muscle protein synthesis reducing the usage of circulating amino acids by a 'non-essential' tissue, whereas the other component would be an increase in protein breakdown thereby increasing amino acid supply. Consistent with a role in coordinating these processes, previous studies have shown that miR-424 inhibits the expression of SMAD7 thereby increasing the sensitivity of cells to transforming growth factor-β (TGF-β)-type ligands. 46 In the muscle, these ligands include myostatin, a protein known to promote muscle catabolism. 65 It therefore seems possible that the elevation of miR-424-5p contributes to both reduced protein synthesis and increased protein degradation.
Consistent with this notion of a co-ordinated miRNA response to physiological stress, we show that miR-424 expression is tightly correlated with miR-542-3p and miR-542-5p expression (miRNAs located within the same 5 kb genomic locus), suggesting that they are co-ordinately expressed. We have previously shown that mir-542-3p and mir-542-5p also promote muscle wasting and muscle dysfunction. 26 These miRNAs modulate the TGF-β signalling system by targeting SMAD7, as well as a set of phosphatases that inhibit SMAD activity and promote mitochondrial dysfunction by inhibiting mitochondrial ribosome synthesis. miR-542-3p has also been shown to target the production of small ribosomal proteins and is therefore likely to inhibit protein synthesis. 24 Together, the elevation of miR-542-3p/5p with miR-424 is likely to promote muscle wasting at least in part by reducing the number of functioning ribosomes.
Critique of the method
In this study, we demonstrate that miR-424 is elevated in a range of conditions for which muscle wasting is a common co-morbidity. We also show in cell and in vivo systems that miR-424 can inhibit rRNA and protein synthesis and promote muscle wasting. Consequently, we show that the miRNAs can cause muscle wasting in an animal model and are elevated at a time when muscle wasting is occurring in humans. However, whilst this miRNA may be able to promote muscle wasting in response to disease, it does not show a very strong association with muscle mass. Muscle wasting in chronic conditions is a complex phenomenon as it reflects a change in balance between multiple processes involved in the synthesis and breakdown muscle. Whilst the relative rates of these processes must be balanced within an individual, the absolute rates of each process will vary between individuals and will be governed by the genetics and epigenetics of the individual. We therefore hypothesize that miR-424-5p contributes to the loss of muscle by providing a driving force, reducing the rate of protein synthesis from individual nuclei and increasing the sensitivity of cells to TGF-β family ligands. However, the rate of loss of nuclei and their rate of replacement by satellite cell recruitment will be important and is likely to be varied between individuals. For example, we have previously shown that miRNAs from imprinted loci that affect myoblast proliferation and stem cell pluripotency are associated with muscle mass and strength in patients with COPD but not in normal individuals. 66, 67 These data suggest that it is only in response to a systemic stress that differences in regeneration rates lead to altered susceptibility to atrophy. We also hypothesize that miR-424 contributes to the response to that systemic stress.
The measurements of muscle mass used in this study do not take into account changes in the quality of muscle or the fat infiltration and fibrosis that also occur. It is therefore possible that the amount of muscle tissue loss that occurs is larger than we have accounted for. However, the most important association that we observe in patients is that between miR-424-5p and muscle loss in the aortic surgery cohort. The rate of the loss in this study is probably too fast for either of these processes to be significant contributors.
One major problem with analysing factors that alter rRNA synthesis is that all RNA quantifications are performed relative to a housekeeping component. These are chosen on the basis that they do not vary between samples and allow for variations in RNA extraction and reverse transcription to be taken into account. This stability is established by assuming that the ratio of rRNA to mRNA is constant as a standardized amount of extracted RNA is put in to any reverse transcription reaction. However, as 80% of the RNA in a cell is rRNA, any factor that reduces rRNA synthesis will alter the rRNA to mRNA ratio invalidating the central assumption that establishes housekeeping genes. We have used established housekeeping genes from other systems. Our data may therefore be miR-424-5p reduces rRNA and protein synthesis limited by this assumption, but given the variability in muscle biopsy samples, we have used this accepted approach in the absence of a suitable alternative. In each experiment, variation was minimized by ensuring all samples in that analysis were reverse transcribed at the same time using the same master mix. This criticism is, however, relevant to all studies examining RNA expression in muscle samples of patients as it is not possible to assume that the mRNA to rRNA ratio is maintained. One alternative would be to spike in a known amount of an RNA that could account for the efficiencies of RNA extraction and reverse transcription. However, the small size and the nature of taking biopsies from humans determining the precise dry weight of tissue whilst retaining RNA integrity and caring for the safety of the individual preclude this from being a viable option.
Finally, the animal model that we have used (over-expression following electroporation) causes a degree of muscle damage. It is therefore possible that we are looking at a specific effect of the miRNA on the background of repair rather than looking at the effects of the miRNA on normal physiology. We quantified repair by determining the proportion of centralized nuclei and found it to be low, suggesting that any effect was small. However, it should also be remembered that the muscle of patients with chronic diseases is not normal, and in patients with COPD who maintain their muscle mass, there is an increase in centralized myonuclei compared with controls, suggesting that there is an increased rate of myonuclear turnover.
Conclusions
Our data show that miR-424 targets the production of ribosomes and suppresses protein synthesis. Consistent with this observation, over-expression of miR-424 in muscle causes atrophy in an animal model. Finally, miR-424 is elevated in patients with muscle wasting and is associated with the amount of muscle that patients will go on to lose following surgery. We therefore conclude that elevated miR-424 contributes to the loss of muscle mass that occurs in COPD, in sarcopenia, and in patients in the ICU. wholly supported by the British Heart Foundation. S.B.
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